ABSTRACT. Historical parchments in the form of documents, manuscripts, books, or letters, make up a large portion of cultural heritage collections. Their priceless historical value is associated with not only their content, but also the information hidden in the DNA deposited on them. Analyses of ancient DNA (aDNA) retrieved from parchments can be used in various investigations, including, but not limited to, studying their authentication, tracing the development of the culture, diplomacy, and technology, as well as obtaining information on the usage and domestication of animals. This article proposes and verifies a procedure for aDNA recovery from historical parchments and its appropriate preparation for further analyses. This study involved experimental selection of an aDNA extraction method with the highest efficiency and quality of extracted genetic material, from among the multi-stage phenol-chloroform extraction methods, and the modern, column-based techniques that use selective DNA-binding membranes. Moreover, current techniques to amplify entire genetic material were questioned, and the possibility of using mitochondrial DNA for species identification was analyzed. The usefulness of the proposed procedure was successfully confirmed in identification tests of historical parchments dating back to the 13-16th century AD.
INTRODUCTION
Despite ongoing investigations into the usage of aDNA for testing of cultural heritage objects, very little is known about the efficacy of the DNA recovered from various fossil materials, as well as its functionality in further analyses. In this study, we have analyzed the recovery of aDNA from parchment, one of the first surfaces for writing, which was developed and used by people throughout the centuries, and which determined cultural, artistic, and technological progress. At present, advanced research techniques, including aDNA testing, have rendered parchments as rich sources of data on the development of historical communities Pangallo et al., 2010; Teasdale et al., 2014) . It must be emphasized, however, that the acquisition of functional DNA from parchment can be particularly difficult because of its considerable degradation caused by the animal skin preparation and parchment production processes (Poulakakis et al., 2007; Bower et al., 2010; Campana et al., 2010) .
The primary aim of this study was to propose a method to retrieve aDNA from parchment, and to prepare it for further genetic analyses. For this purpose, I attempted to identify the most efficient method for extracting DNA from parchments, from among the multi-stage phenol-chloroform extraction methods, and the modern, column-based techniques that use selective DNA-binding membranes. Furthermore, we proposed and verified a procedure for the amplification of the entire-retrieved DNA, which would help acquire the maximum amount of genetic material for further analyses. The studies were conducted using both contemporary and historical parchments.
MATERIAL AND METHODS
In order to avoid the risk of genetic material contamination or degradation, all tests were conducted with particular caution, following the principles of Good Laboratory Practice. No other animal DNA experiments were carried out before my experiments in labs where DNA extraction and amplification were conducted. Lab surfaces were prepared adequately, cleaned with ethanol, and exposed to UV light. When possible, blind controls were prepared to avoid false results.
The aim of the first stage of this study was to select the most effective method with which to extract DNA from parchment. For this purpose, the multi-stage DNA extraction method, based on enzymatic digestion and phenol-chloroform purification, as well as the commercial column-based method, using a cellulose-silica membrane to selectively bind DNA, were verified. The tests conducted at this stage were based on samples collected from contemporary goat and calfskin parchments weighing 3 mg.
The second stage involved aDNA extraction using the previously selected method from 5 mm x 5 mm fragments of historical parchments. The study material consisted of samples obtained from parchments dating back to the 13, 15, and 16th centuries AD, and two samples with unknown dating. The extracted whole aDNA was amplified using a commercial kit. In the final stage of the study, the recovered genetic material was amplified using universal primers for cytochrome b, in order to verify its functionality. The amplification products were finally subjected to sequencing and species identification.
Prior to DNA extraction, both contemporary and historical parchment samples were purified from possible contaminants with ethanol and ultrapure water.
DNA extraction
DNA was extracted from the parchment samples with the standard phenol-chloroformbased method; here, a lysis buffer comprising 100 mM Tris-HCl (pH 8.0), 0.5 M NaCl, 100 mM EDTA, and 2% SDS with proteinase K (400 mg/mL) was used to completely dissolve the material (approximately 5-6 h) at 56°C. The lysates obtained were purified in two stages: with phenol and subsequently with phenol and chloroform with a 1:1 ratio. The DNA was then precipitated with isopropyl alcohol. The DNA pellet was rinsed with 70% ethanol, and the extracted DNA was suspended in nuclease-free water.
Ancient DNA was extracted using the column-based method, using a standard DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany) in accordance with the manufacturer protocols. The samples were incubated in the attached lysis buffer with proteinase K for approximately 4h at 56°C with shaking. RNase A was added to the samples and incubated for 2 min at 20°-22°C following complete sample dissolution. Subsequently, 200 µL buffer AL and 200 µL 96-100% ethanol was added and mixed thoroughly by vortex. The mix was then transferred into a DNeasy mini spin column. DNA was eluted after washing the column as per the instructions provided in the kit. We also attempted to extract DNA from a sample without biological material, as a negative control.
The concentration of obtained DNA was measured using the NanoDrop 2000c UV-Vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
Whole aDNA amplification
The material recovered from historical parchments was amplified using the commercial GenomePlex ® Whole Genome Amplification kit (Sigma-Aldrich, St. Louis, MO, USA), which was used to multiply the amount of genetic material. The DNA was fragmented at a concentration of 1 ng/µL using the fragmentation buffer at 95°C for 4 min, according to the protocol provided by the manufacturer. A DNA fragment library was then prepared by incubating the DNA mixture with the library preparation buffer and the library stabilization solution for 2 min at 95°C. The samples were then incubated in a thermal cycler, following addition of the library preparation enzyme, according to the following program: 16°C for 20 min, 24°C for 20 min, 37°C for 20 min, and 75°C for 5 min. The amplification master mix, WGA DNA polymerase, and water (at appropriate concentrations) was added to the samples, and the samples were finally amplified using the following program: initial denaturation at 95°C for 3 min; 14 cycles of denaturation at 94°C for 15 s and annealing/extension at 65°C for 5 min.
Amplification and sequencing
DNA sequences selected from among each sample of aDNA retrieved from historical parchments were amplified using universal primers for cytochrome b (Uni-forward5'-TCCCCAACAAACTAGGAGG-3', Uni-reverse5'-ACTGGTTGTCCTCCAATTCA-3') (Newman et al., 2002) . PCR was conducted in a 25-µL reaction mix comprising 3 µL DNA template, 0.4 µM of each primer (Genomed, Warsaw, Poland), 200 µM dNTP (each) (SigmaAldrich), 2 U Taq DNA polymerase (Sigma-Aldrich), 1X polymerase buffer, and 1.5 mM MgCl 2 . The samples were amplified in a T100 thermal cycler (Bio-Rad, Hercules, CA, USA) according to the following program: initial denaturation at 95°C for 5 min; 40 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and polymerization at 72°C for 1 min; and a final polymerization at 72°C for 10 min. The obtained PCR products were separated by electrophoresing on a 1.8% agarose gel, and visualized under UV light using the Simply Safe dye (Eurx, Gdansk, Poland).
The products were purified and sequenced by Genomed. The obtained nucleotide sequence enabled the identification of species by aligning with sequences uploaded to the National Centre for Biotechnology Information (NCBI) database using the Basic Local Alignment Search Tool (BLAST) for DNA sequence analysis (http://blast.ncbi.nlm.nih. gov/Blast.cgi).
Statistical analysis
The efficacy of DNA extraction using the phenol-chloroform and column-based methods was analyzed by estimating the statistically significant differences between the two (P < 0.05) using the Student t-test for equal variances.
RESULTS

DNA extraction from contemporary parchment
The mean DNA concentration values following DNA extraction from contemporary parchment samples are presented in Table 1 . The differences in efficacy of DNA extraction between the two methods were demonstrated and emphasized by statistically analyzing the results. The column-based method was found to be more efficient, and the differences (16.3 ± 6.3 vs 27.9 ± 9.8 for calfskin and 8.6 ± 4.5 vs 20.2 ± 9.4 for goatskin parchment) were significant (P < 0.05). Therefore, aDNA extraction using membranes that selectively bind DNA (followed by repeated washing) was found to have a considerable impact on the quantity and quality of obtained genetic material. The aim of the statistical analysis was to indicate the DNA extraction method that was more efficient. However, parchment, being a biological material, is diversified in terms of DNA content; therefore, statistical analyses in studies of this type are conducted for informative purposes only. Considering the nature of the material (parchment subjected to aggressive chemical processing during manufacturing), the quantity of obtained genetic material, as well as its purity can be considered very satisfactory.
DNA extraction from historical parchments
Ancient DNA was extracted from 13-16th-century parchments using the columnbased method, which had proven to be more efficient in the first stage of the study. I attempted to extract DNA from 5 different fragments of historical parchments. Of these, three tests were successful (Table 2) . However, DNA extraction from the sample dating back to the 15-16th century, and one sample with unknown dating, was unsuccessful. The quantity of recovered genetic material was increased by DNA amplification, resulting in 30-times greater amounts of DNA (Table 2) .
Mean values with standard deviations (± SD) and statistically significant differences (P < 0. 
Amplification and sequencing
The functionality of the obtained genetic material was verified by amplifying the cytochrome b sequences of DNA directly after extraction and after whole genome sequencing. Unfortunately, the use of aDNA directly after extraction as a PCR template did not yield any products (Figure 1) . Amplification of aDNA sequences after whole genome amplification yielded products for samples S1, S2, and S4 (Figure 2) . No PCR products were obtained for samples S3 and S5 (Figure 1 and 2) .
It must also be emphasized that sample S0, used as a negative control for the amplification of genetic material directly after extraction and after whole genome amplification, yielded no PCR products for cytochrome b. This proves that the samples were not contaminated during extraction. The species of animals whose skins were used to produce test parchments were identified and the functionality of recovered aDNA was verified by sequencing the obtained products for a selected cytochrome b sequence. The species were identified as follows: S1 -Bos indicus (100%; GenBank accession No. KU253479.1); S2 -Bos frontalis (98%; GenBank accession No. EU878388.1); and S4 -Bos taurus (99%; GenBank accession No. JX472267.1).
DISCUSSION
Animal skin was one of the first materials broadly used by humans, and is therefore a rich source of historical, technological, and cultural information. However, the degree of processing and aggressive handling of hide involved in parchment production renders it difficult for aDNA extraction. Additionally, genetic material existing in these materials undergo considerable degradation, with factors such as humidity, temperature, pH, UV exposure, or microbial activity contributing to the decay process (Kennedy and Wess, 2003; Poulakakis et al., 2007; Vuissoz et al., 2007; Campana et al., 2010; Pangallo et al., 2012) . In this study, methods used to extract DNA from parchment were evaluated. The multi-stage method comprising lysis with enzymatic breakdown, phenol-chloroform purification, and ethanol precipitation of DNA, employed by a number of previous studies (Poulakakis et al., 2007; Campana et al., 2010) , enabled DNA recovery from parchment at a relatively satisfactory quantitative and qualitative level. A similar method was applied to extract DNA from animal skin in a previous study (Ojeda et al., 2012) , with satisfactory results. However, the columnbased method, using selective DNA-binding membranes, was more efficient, and produced a genetic product of greater purity.
The key stage was aDNA recovery from samples of historical parchments. This aDNA was used in species identification, to determine the origin of test parchments. Extraction was successful in three out of five samples dating back to the 13-16th century AD. Species identification was conducted based on mtDNA sequences of cytochrome b. As reported in the literature, the use of mtDNA yields better results in aDNA analysis. This could be attributed to the greater number of copies of mtDNA compared to that of nuclear DNA (nuDNA), as well as shorter product fragments that could facilitate further analyses (Bollongino et al., 2006; Vuissoz et al., 2007; Scheu et al., 2008; Stock et al., 2009; Rizzi et al., 2012) . However, it must be emphasized that analyses based on ancient mitochondrial DNA may be more vulnerable to contamination than those involving genomic DNA (Teasdale et al., 2014) . The cytochrome b sequence is often used with great success in aDNA analyses (Poulakakis et al., 2007; Campana et al., 2010; Pangallo et al., 2010) . The use of aDNA as a PCR template immediately after extraction yielded no PCR products. Appropriate products were achieved only after whole DNA amplification using a commercial kit. As shown by Ballantyne et al. (2007) , the WGA kit considerably increases DNA quality and concentration, thereby facilitating further analyses. Species identification was performed by sequencing the obtained products. The identified species included Bos taurus, a previously identified parchment species (Poulakakis et al., 2007; Campana et al., 2010; Pangallo et al., 2010) , as well as Bos indicus and Bos frontalis, which have not been previously identified in studies of parchments. Bos indicus, Bos frontalis, and Bos taurus belong to the Bovidae family and have been known to humanity for thousands of years. This suggested that the skin of all three species was used in the preparation of the parchment. However, these species are characterized by high sequence homology, as seen between Bos indicus and Bos taurus (Prado et al., 2007) , which can prevent their accurate identification from cytochrome b sequences obtained using universal primers. In such cases, the use of species-specific primers is recommended.
The extraction of DNA using selective DNA-binding membranes and whole DNA amplification, allows researchers to obtain functional aDNA. In this study, animals whose skin was used to prepare parchments over the ages were successfully identified. However, it must be emphasized that the degree of degradation of genetic material and high risk of contamination with contemporary DNA or different aDNA increases the difficulty of aDNA analyses, evincing particular caution.
The results presented in this article and the research described in literature (Burger et al., 2000; Teasdale et al., 2014) suggest that DNA present in historical parchments can be a good source of information about cultural heritage objects.
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